Introduction
============

In diatoms, the transition of the photosynthetic apparatus from a light harvesting to a photoprotective state is characterized by the non-photochemical quenching (NPQ) of chlorophyll (Chl) *a* fluorescence, and the cycling of electrons around photosystem II (PSII) and/or photosystem I (PSI) ([@bib41]*a*, *b*, 2004; [@bib71]). Although the mechanistic basis of NPQ in diatoms shares common features with the NPQ mechanism of vascular plants ([@bib50]), i.e. the build-up of a transmembrane proton gradient and the formation of de-epoxidized xanthophyll cycle pigments, significant differences exist ([@bib57]; [@bib40]; [@bib23]*a*, *b*). The xanthophyll cycle of diatoms comprises two pigments, diadinoxanthin (Ddx) and diatoxanthin (Dtx), and a strict correlation between NPQ and the concentration of Dtx exists under different illumination and growth conditions ([@bib41]*c*). Recently, it has been shown that in *Phaeodactylum tricornutum* acidification of the lumen is needed for the development of NPQ ([@bib40]), switching the xanthophylls to an 'activated' state, probably via the protonation of light-harvesting antenna proteins, as in vascular plants ([@bib57]). However, once the NPQ has developed, it seems to be independent of the presence of the proton gradient ([@bib22]).

In illuminated diatom cells, the major component of NPQ is the energy-dependent quenching (*q*~E~), which almost solely relies on the Dtx-dependent quenching ([@bib41]*b*). So far, no evidence for a state transition-dependent quenching (*q*~T~) or a reaction centre-based quenching mechanism was found in diatoms ([@bib52]; [@bib67]). In addition, diatoms are known actively to transport and accumulate inorganic carbon within their cells ([@bib7]), which strongly reduces the photoinhibitory quenching of Chl fluorescence (*q*~I~) under excess irradiance ([@bib67]).

An important difference to vascular plants concerns the Ddx de-epoxidase (DDE), the enzyme catalysing the reaction from Ddx to Dtx. Unlike the violaxanthin de-epoxidase of vascular plants, which needs pH values of less than pH 6 for significant activity, the DDE can be activated at almost neutral pH values ([@bib35]). It was, therefore, suggested that the de-epoxidation of Ddx in *P. tricornutum* during prolonged dark periods ([@bib34]) can be explained by the generation of a weak ΔpH which is, however, sufficient to activate the DDE. This conclusion was derived from the fact that a dark incubation in the presence of an uncoupler prevented both the formation of Dtx and NPQ. The generation of this proton gradient was attributed to an active chlororespiratory electron flow.

The original concept of chlororespiration in *Chlamydomonas reinhardtii* comprises a thylakoid electron transport pathway involving an NAD(P)H plastoquinone oxidoreductase and a plastoquinol oxidase activity ([@bib8]). The concept also included the putative generation of a proton gradient by the electron transport through the PQ pool. This original scheme of chlororespiration had to be modified due to the emergence of new biochemical and genetic data, in particular from vascular plants, regarding the nature of the PQ reductase and oxidase. In higher plant chloroplasts there is evidence that a Ndh complex fulfils the role of a NAD(P)H-PQ reductase ([@bib14]; [@bib18]; [@bib59]). Furthermore, this membrane-bound Ndh complex shows genome sequence similarities to the proton-translocating mitochondrial type I NADH dehydrogenase ([@bib63]). With regard to the PQ oxidizing side of the chlororespiratory pathway, a chloroplast-targeted quinol oxidase was characterized in *immutans* mutants of *Arabidopsis thaliana* ([@bib15]). This putative plastid terminal oxidase (PTOX) shows homologies to the mitochondrial alternative oxidase (AOX) ([@bib73]) and probably uses molecular oxygen to oxidize the PQ pool ([@bib16]). Furthermore, it was shown that this PTOX is orientated towards the stromal phase of the thylakoid membrane ([@bib46]) and is probably non-electrogenic ([@bib16]). Therefore, PTOX is not involved in a proton translocation across the thylakoid membrane. Instead, the generation of a chlororespiratory proton gradient could be explained by the existence of an electrogenic Ndh1 complex (Nixon *et al.*, 2000) or by other mechanisms ([@bib55]).

A characteristic of chlororespiration is the reduction of the PQ pool in darkness by stromal reducing equivalents. The identity of the electron donors remains to be clarified and could be dependent on the plant species ([@bib51]). Furthermore, the transfer of reducing equivalents and adenylates from the cytosol and/or mitochondria to the chloroplast may be crucial in maintaining chlororespiratory activity during darkness ([@bib9]; [@bib31]). In vascular plants a sustained reduction of the PQ pool during darkness was observed during anaerobic incubation ([@bib30]; [@bib27]; [@bib28], [@bib29]). Under these conditions the respiratory activities of both the mitochondrion and the chloroplast are inhibited. The electron pressure on the plastoquinone pool will increase due to the accumulation of NAD(P)H and due to a prevention of the PQ pool oxidation by molecular oxygen or by a plastid terminal oxidase ([@bib74]).

In algae, chlororespiration is often coupled to a non-photochemical quenching of Chl fluorescence ([@bib13]; [@bib72]; [@bib66]; [@bib34]). Therefore, in these organisms the generation of a proton gradient during the course of chlororespiration was postulated. In the diatom *P. tricornutum*, this proton gradient was strong enough to activate the Ddx de-epoxidation reaction of the Ddx cycle during long dark periods ([@bib34]). Further support for a chlororespiratory induced activation of the XC cycle in *P. tricornutum* is derived from studies of cells pretreated with DCMU where a significant amount of Dtx was accumulated during high-light illumination ([@bib17]; [@bib25]). This implies that in *P. tricornutum* stromal reductants were involved in a chlororespiratory electron transport, which contributed to the acidification of the thylakoid lumen. On the other hand, in *Cyclotella meneghiniana* cells no accumulation of Dtx was observed during high-light illumination in the presence of DCMU ([@bib25]). Thus, in diatoms a large metabolic heterogeneity could be present (see [@bib71]) which is also indicated by the pronounced difference in the genome structure between the pennate diatom *P. tricornutum* ([@bib1]) and the centric diatom *T. pseudonana* ([@bib11]).

In the present work, *T. pseudonana* was used to examine the reduction state of the PQ pool, the oxidation kinetics of P700, the extent of NPQ, and the activity of the Ddx cycle under chlororespiratory conditions. Anaerobic conditions were used to manipulate the redox state of the photosynthetic electron transport chain during darkness in order to gain further insight into the impact of chlororespiration on NPQ and the regulation of the Ddx cycle. In addition, a subsequent period of reoxygenation or FR-light illumination was used to relieve the cells from the anaerobic stress. Reoxygenation and FR-light illumination was further presumed to increase the proton gradient across the thylakoid membrane and to allow the investigation of the modulation of the Dtx-dependent NPQ by the extent of the ΔpH.

Materials and methods
=====================

Algal cultures, preparation of samples, and experiments protocol
----------------------------------------------------------------

*T. pseudonana* (CCMP 1335, USA) cells were grown as air-lift cultures with silica-enriched f/2 medium ([@bib26]) at 20 °C in a 14/10 h light/dark cycle (80 μmol photons m^−2^ s^−1^). Unless otherwise stated, cells were harvested by centrifugation (10 min at 3000 *g* and 18 °C) and concentrated to a Chl *a* content of 100--150 μg ml^−1^. The high cell density was chosen to achieve anaerobic conditions in a relatively short period of time.

Oxygen measurements, slow fluorescence kinetics
-----------------------------------------------

Simultaneous measurements of oxygen evolution/consumption and chlorophyll fluorescence ([Fig. 1](#fig1){ref-type="fig"}) were performed at 20 °C with a Clark type oxygen electrode (MI730, Microelectrodes Inc., Bedford, NH, USA) and a PAM 101 fluorometer (Walz GmbH, Germany). Slow changes of variable chlorophyll fluorescence were recorded using the saturating pulse method according to [@bib64]. Saturating light pulses (800 ms; 3500 μmol photons m^−2^ s^−1^) were applied in the experiments using a PAM 101 fluorometer. Chlorophyll *a* fluorescence measurements using the Dual-PAM-100 (Walz GmbH, Germany) were performed at room temperature. Saturating pulses had a duration of 800 ms and a light intensity of 12 000 μmol photons m^−2^ s^−1^. This high light intensity was necessary due to the high cell concentration in the samples (see above). Non-photochemical quenching (*NPQ*) was calculated as $\left( F_{m} - F_{m}^{\prime} \right)/F_{m}^{\prime}$ ([@bib64]). *F*~m~ denominates the maximal fluorescence value in dark-adapted cells and $F_{m}^{\prime}$ is the maximal fluorescence value in illuminated cells. However, in the dark experiments involving aerobic/anaerobic transitions, *F*~m~ represents the maximum fluorescence value induced by a saturating light pulse obtained at a certain time point of the total measuring period. *F*~m~ was usually achieved at the beginning of the anaerobic period, but could also occur at a later point of the incubation period. $F_{m}^{\prime}$ was assigned to the maximum fluorescence value resulting from all other saturating light pulses given during the course of the dark-aerobic/anaerobic periods. Irrespective of the experimental conditions, the term 'minimal fluorescence' was assigned to the fluorescence signal triggered by the measuring light of the Dual-PAM.

![Slow fluorescence kinetics of intact cells of *T. pseudonana* during dark incubation. Cells (Chl *a* content of 2 μg ml^−1^) were harvested from the growth light conditions and used immediately. The oxygen concentration of the medium is depicted by the shaded area. Before the start of measurements, samples were bubbled with nitrogen to reduce the initial oxygen concentration to approximately 20% of oxygen-saturated water. Oxygen was completely removed from the medium after 60--70 min and reintroduced after 125 min of dark incubation.](jexboterq284f01_ht){#fig1}

Fast fluorescence induction kinetics/830 nm absorption changes measurements
---------------------------------------------------------------------------

Fast fluorescence induction kinetics (time scale of ms) and absorption changes at 830 nm were simultaneously measured during the saturating pulse applied with the Dual-PAM-100 (Chlorophyll *a* fluorescence and P700 photosynthesis analyser equipped with a P700-dual-wavelength-emitter at 830 nm and 875 nm; Walz GmbH, Germany). Stirring of the samples was avoided during data recording in order to minimize noise in the P700 absorbance signal. P700 oxidation/reduction was measured in the transmission mode and calculated as the signal at 875 nm minus the signal at 830 nm. The signal difference (displayed as the photocurrent measured with the Dual-PAM) was proportional to the absorption change at 830 nm. Thus, oxidation of P700 became visible as a signal increase (P700^+^ relative), whereas re-reduction of P700 led to a signal decrease.

It is known that plastocycanin (PC) contributes significantly to the absorbance changes at 830 nm ([@bib38]; [@bib60]). In diatoms, PC is replaced by a cytochrome *c* (Cyt *c*) as the electron donor of PSI ([@bib58]). However, Cyt *c* should not contribute to the absorbance change at 830 nm.

Pigment data
------------

To ensure the comparability of experimental conditions for the determination of NPQ and the pigment composition, the samples for pigment analysis were collected at different time points of the different treatments directly from the measuring cuvette of the Dual-PAM and were rapidly frozen in liquid nitrogen. This means that for a certain time point, NPQ and DES were obtained from the same sample, but new samples had to be prepared for the different time points. To yield comparable incubation periods under anaerobic conditions for all samples, the sudden increase of the minimal fluorescence was used as a marker for the beginning of the anaerobic phase (see results section). To prove that the increase of the minimal fluorescence is a marker for the complete absence of oxygen, a control experiment with glucose/glucose oxidase (according to [@bib49]) was performed, where a comparable increase in the minimal fluorescence was observed (data not shown).

For pigment analysis by HPLC the frozen cells were slowly defrosted and collected on a glass fibre filter, pigments were extracted with a medium consisting of 90% methanol/0.2 M ammonium acetate (90/10, v/v) and 10% ethyl acetate. The extracts were centrifuged for 2 min at 13 000 *g* (centrifuge 5417C, Eppendorf, Germany) and injected into the HPLC column. Pigment analysis was carried out on a HPLC system (Waters, Millipore, Eschborn) equipped with a Nucleosil ET 250/8/4, 300-5, C18 column (Macherey and Nagel, Düren, Germany). Pigments were analysed and quantified according to the methods used by [@bib70] and [@bib47]. Ddx de-epoxidation and Dtx epoxidation are depicted as changes in the de-epoxidation state of the Ddx cycle pigment pool calculated as Dtx (Ddx+Dtx)^−1^.

Results
=======

Effects of dark-anaerobiosis on the kinetics of fluorescence induction and oxidation of P700
--------------------------------------------------------------------------------------------

[Figure 1](#fig1){ref-type="fig"} shows the response of chlorophyll fluorescence from dark-adapted suspensions of *T. pseudonana* cells to changes in the oxygen concentration. During the first 60 min of dark-adaptation, while oxygen was still present in the medium, there was no significant change in the minimal fluorescence, but a slight decrease in the maximal fluorescence ($F_{m}^{\prime}$). Mitochondrial respiration of the cells gradually decreased the oxygen concentration in the measuring chamber. In this way, within approximately 60 min of dark incubation, anaerobic conditions were achieved. Within the first 10 min of anaerobic conditions a significant increase in the minimal fluorescence was observed. After an initial rise, $F_{m}^{\prime}$ started to decrease constantly due to non-photochemical quenching processes. After approximately 60 min of anaerobic incubation, the samples were aerated to re-introduce oxygen and, immediately, the minimal fluorescence decreased. $F_{m}^{\prime}$ also decreased, followed by a slow increase over 20 min as NPQ relaxed. Note that the initial rise of the minimal fluorescence at the beginning of reoxygenation was not observed in measurements using the Dual-PAM (data not shown). It could be assumed that this initial rise in the minimal fluorescence represents an experimental artefact. Nevertheless, the simultaneous measurement of chlorophyll fluorescence and oxygen concentration was important to prove the correlation of the changes in the fluorescence signal with the induction of/release from complete anaerobic conditions.

It has to be emphasized that a FR-light illumination under anaerobic conditions induced the same rapid decrease of the minimal fluorescence and $F_{m}^{\prime}$ as observed under reoxygenation. However, the slow relaxation of NPQ described for reoxygenation was not observed under FR-light illumination (data not shown).

Measurements of fast fluorescence induction kinetics provided information about the reduction state of the PQ pool. Upon excitation of a dark-adapted photosynthetic sample, the first signal level detected in a fluorescence transient is labelled as O, while its intensity is usually denoted as the minimal fluorescence *F*~o~. At the O-level, *Q*~A~ is considered to be maximally (but not totally) oxidized. Continuous exciting illumination then drives Chl *a* fluorescence through two inflections: J (after approximately 2 ms) and I (after approximately 30--50 ms). Finally, a peak (P) is reached at approximately 500 ms complementing the so-called OJIP transients ([@bib45]; [@bib53]). The J-level of the fast fluorescence induction curve is supposed to reflect light-driven accumulation of reduced *Q*~A~ ([@bib65])~.~ Since *Q*~A~ is in redox equilibrium with the PQ pool, the J-level also represents an estimate of changes in the reduction state of the PQ pool (Tóth *et al.*, 2007). An increase in the J-level of transient fluorescence is then correlated with a more reduced PQ pool. After dark incubation, this could be due to electron donation from electron sources located in the chloroplast stroma ([@bib27]; [@bib61]).

[Figure 2](#fig2){ref-type="fig"} shows the OJIP-transients of *T. pseudonana* cells under four different conditions. [Figure 2A](#fig2){ref-type="fig"} presents an example of the Chl *a* fluorescence induction kinetics of cells after 60 min of dark-aerobic conditions. The shape of the fast fluorescence kinetics did not change in samples measured at different time points during the 60 min of dark-aerobic adaptation (data not shown). However, in the absence of oxygen, 60 min of dark incubation drastically increased the fluorescence intensity of the J-step compared with dark incubation under aerobic conditions (indicated by *V*~J~, the relative variable fluorescence at the J-level; [Fig. 2](#fig2){ref-type="fig"}). The fluorescence transient showed a dip between the J and the P-level after 60 min dark incubation under anaerobiosis. This indicates that, under these conditions, a part of the *Q*~A~ was oxidized by PSI-activity before full reduction was restored. Furthermore, it was noted that the fluorescence transient rapidly decreased again after reaching the P-level, which was not observed in dark-adapted control samples.

![Examples of fast Chl *a* fluorescence induction measurements of dark-adapted cell suspensions of *T. pseudonana* exposed to different experimental conditions: (A) dark-aerobic incubation; (B) after 60 min of dark-anaerobic incubation; (C, D) 60 min of anaerobic incubation followed by a 30 min period of reoxygenation or illumination with FR light (720 nm), respectively. The dashed line indicates the J-level. *V*~J~ is the relative variable fluorescence at the J-step at 2 ms calculated as: *V*~J~=(*F*~2ms~--*F*~m~)/(*F*~m~--*F*~o~).](jexboterq284f02_lw){#fig2}

It could be argued that the saturating pulses itself applied every 15 min during dark-anaerobic conditions influenced the redox state of the PQ-pool and thus led to a higher J-level of the fluorescence transients. However, no significant differences in the fluorescence transients after dark-anaerobic incubation were observed using the following protocol: (i) saturating light pulses were given at time points 0, 1, 2, 5, 10, 15, 30, and 60 min, (ii) no additional saturating light pulses were given between the first and the last pulse at the time points 0 min and 60 min, respectively.

After a 60 min period of anaerobic dark incubation, a 30 min period of reoxygenation or FR-illumination was applied. The re-introduction of oxygen immediately decreased the initial fluorescence ([Fig. 2C](#fig2){ref-type="fig"}) to almost the same level as observed in dark-adapted control samples ([Fig. 2A](#fig2){ref-type="fig"}), which is comparable to the decrease of the minimal fluorescence shown in [Fig. 1](#fig1){ref-type="fig"}. In addition, the lower J-level after reoxygenation ([Fig. 2C](#fig2){ref-type="fig"}) compared with anaerobic dark conditions indicated a partial oxidation of the PQ pool. FR-illumination was slightly less effective in decreasing the O-level and the J-level compared with reoxygenation ([Fig. 2D](#fig2){ref-type="fig"}).

To gain further insight into the capacity of the electron flow from the PQ pool to PSI and the electron transfer steps following PSI, measurements of P700 absorbance changes upon illumination by a saturating light pulse were performed simultaneously with the measurements of fast fluorescence induction curves ([Fig. 3](#fig3){ref-type="fig"}). The light-induced P700 absorbance changes provide information about the kinetics and extent of P700 oxidation. In the measurements as performed in the present study an upward signal corresponds to the oxidation of P700, whereas a downward signal is due to the reduction of P700^+^. In control cells under dark-aerobic conditions ([Fig. 3A](#fig3){ref-type="fig"}) three different phases could be distinguished in the P700 absorbance changes: (i) the initial oxidation of P700 during the first 20--30 ms of the saturating illumination, (ii) a transient reduction of P700 between the time point of 30--150 ms, and (iii) the final oxidation of P700 after 300--400 ms ([@bib25]). The transient reduction of P700 is due to an inactive FNR on the PSI acceptor side, which inhibits the electron transfer to NADP^+^ ([@bib48]; [@bib61]; [@bib68]). Thus, the transient reduction of P700 reflects electrons originating from PSII or an electron inflow into the PQ pool from stromal sources. Once the FNR is activated (after approximately 150 ms of the saturating illumination) the acceptor side of PSI has sufficient capacity to maintain P700 in the oxidized state.

![Examples of measurements of P700 absorbance changes at 830 nm in cell suspensions of *T. pseudonana* exposed to different experimental conditions: (A) dark-aerobic incubation; (B) 60 min of dark-anaerobic incubation; (C, D) 60 min of anaerobic incubation followed by a 30 min period of reoxygenation or illumination with FR light (720 nm), respectively.](jexboterq284f03_lw){#fig3}

After dark incubation in the absence of oxygen, a significantly different P700 absorbance change kinetics was observed ([Fig. 3B](#fig3){ref-type="fig"}). The initial oxidation of P700 was followed by a rapid and complete re-reduction, whereas a final phase of oxidation of P700 was absent. The addition of DCMU to dark-incubated anaerobic samples did not alter the P700 absorbance change kinetics (data not shown), which demonstrates that the majority of electrons reducing P700 under anaerobic conditions did not originate from PSII. Instead, these electrons must have been supplied by a stromal source feeding electrons into the PQ-pool under dark-anaerobic conditions. This suggestion is supported by the increased reduction state of the PQ-pool detected by the simultaneous measurements of the fast fluorescence kinetics (see above).

A 30 min period of reoxygenation of dark-incubated anaerobic samples ([Fig. 3C](#fig3){ref-type="fig"}) regenerated the shape of the P700 absorbance change kinetics as observed in control cells under dark-aerobic conditions ([Fig. 3A](#fig3){ref-type="fig"}) with a transient reduction of P700^+^ followed by a final oxidation of P700. It is noteworthy, that this recovery of P700 oxidation was already observed in measurements after 2 min of reoxygenation (data not shown). By contrast, 30 min FR-illumination of cells of *T. pseudonana* after a 60 min period of dark-anaerobic conditions could not re-establish the final oxidation of P700 ([Fig. 3D](#fig3){ref-type="fig"}).

Correlation of DES and NPQ during dark anaerobiosis and recovery from anaerobiosis
----------------------------------------------------------------------------------

In diatoms, the light-induced increase in NPQ is strongly correlated with the Dtx concentration and the de-epoxidation state (DES) of the Ddx cycle pigment pool. [Figure 4](#fig4){ref-type="fig"} shows NPQ and the respective DES from different time points during dark-anaerobic conditions, during the relaxation period where oxygen was re-introduced by aeration of the samples, and from the control samples under dark-aerobic conditions before the start of anaerobic conditions. In control samples, a DES of 0.09 and an NPQ of 0.1 were observed; these values did not change when samples were bubbled with air in darkness during a period of 60 min. Measurements of samples taken in the first 2 min of the anaerobic period showed that the DES increased from 0.09 to a value of about 0.28, whereas the NPQ value remained low during the first minutes of the anaerobic period. Within 60 min of dark incubation under anaerobic conditions a biphasic increase of DES and NPQ was observed. During the first 45 min there was a relatively fast concomitant increase of DES and NPQ which was followed by a much slower kinetics during the remaining dark anaerobic phase. Finally, at the end of anaerobic incubation DES and NPQ reached values of 0.53 and 0.28, respectively. It is worth mentioning that the Ddx cycle pigment pool remained constant at 225±12 mM (M Chl *a*)^−1^ during the course of the experiments shown in [Fig. 4](#fig4){ref-type="fig"}. Thus, the observed increase in the DES was caused by the enzymatic de-epoxidation of Ddx to Dtx and not by a *de novo* synthesis of Dtx.

![Time-dependent changes of NPQ and the de-epoxidation state (DES) of the Ddx cycle pigment pool \[Dtx (Ddx+Dtx)^−1^\] in cell suspensions of *T. pseudonana* during prolonged dark incubation. The negative time period represents the time span required for oxygen depletion from the medium. NPQ and DES determined during that period represent the values obtained during dark-aerobic incubation. These values did not change between the onset of experiments and during 60 min of darkness when aerobic conditions were maintained. The grey area represents the reoxygenation period. Data presented are the average of 3--20 replicates with the respective standard errors. To suppress chlororespiratory activity the inhibitor of the terminal oxidase (PTOX) Propylgallate (PG, 1 mM) was added to cell suspensions directly at the start of the reoxygenation period (indicated by the arrow). A representative example of the time-course of NPQ before and after the addition of PG is shown. Three independent measurements were carried out which confirmed the results depicted in the figure.](jexboterq284f04_ht){#fig4}

Within the first 10 min of relaxation from anaerobic conditions by reoxygenation an immediate increase of NPQ was observed, whereas the DES still increased with the same slow kinetics as during the late anaerobic phase (see the grey area in [Fig. 4](#fig4){ref-type="fig"}). Relaxation periods of more than 10 min resulted in a concomitant decrease of NPQ and the DES. The first 10 min of illumination with FR-light also induced a further increase of NPQ and DES, as observed during reoxygenation. However, in contrast to the recovery by the introduction of oxygen, the DES and NPQ remained high during FR-light illumination periods exceeding 10 min (data not shown). An interesting result was obtained in experiments in the presence of Propylgallate (PG) which was used as an inhibitor of the PTOX. The addition of 1 mM PG directly at the beginning of the reoxygenation period resulted in a fast decrease of NPQ values in contrast to the significant increase of NPQ observed in the control samples ([Fig. 4](#fig4){ref-type="fig"}).

The correlation between the DES of the Ddx cycle pigment pool and NPQ indicates the sensitivity of NPQ to Dtx. Thus, from the time-course of changes in DES and NPQ as shown in [Fig. 4](#fig4){ref-type="fig"} it is evident that the sensitivity of NPQ to Dtx formed under anaerobic conditions must have drastically increased during the transition to dark-aerobic conditions. This conclusion was corroborated by the results depicted in [Fig. 5](#fig5){ref-type="fig"}, which compares the sensitivity of NPQ to Dtx (indicated by the correlation of the two shown as dotted lines in the figure) formed under a variety of aerobic and anaerobic conditions. NPQ was less sensitive to Dtx formed during darkness in the absence of oxygen compared with all other experimental conditions. The re-introduction of oxygen or FR illumination strongly increased the sensitivity of NPQ to Dtx and the same correlation between NPQ and Dtx was observed as during HL-illumination.

![Correlation between NPQ and de-epoxidation state (DES) of the Ddx cycle pigment pool of cell suspensions of *T. pseudonana* exposed to different conditions. NPQ and the DES were determined in the dark at the onset of experiments and after an illumination period of 10 min with low light (LL, 20 μmol photons m^−2^ s^−1^) intensities (grey squares); at different time points during 60 min of dark-anaerobic conditions (closed triangles); after a 30 min reoxygenation period following the 60 min of dark-anaerobic conditions (closed square); after a 30 min relaxation period in the presence of far-red (FR, 720 nm) light illumination following the 60 min of dark-anaerobic conditions (closed circle); after a 5 min period of high light (HL, 825 μmol photons m^−2^ s^−1^) treatment (open squares). Cells were harvested by centrifugation and concentrated to a Chl *a* content of ∼30 μg ml^−1^ for the LL and HL experiments, and to a Chl *a* content of 100--150 μg ml^−1^ for the remaining experiments. The difference in Chl *a* content did not affect NPQ and DES determined at the onset of experiments. Data presented are the average of 3--20 replicates with the respective standard errors.](jexboterq284f05_ht){#fig5}

Effects of nigericin on cells under dark-anaerobic conditions
-------------------------------------------------------------

The increase of the DES following a transition to anaerobic conditions indicated that a small proton gradient was already present at the beginning of dark-anaerobic conditions. To confirm this assumption, the uncoupler nigericin was applied at the beginning of a dark-anaerobic period ([Fig. 6](#fig6){ref-type="fig"}). In control samples kept in dark-aerobic conditions a DES of 0.15 was observed which was due to Dtx already present in the cells at the beginning of dark incubation. As observed before, dark-anaerobic conditions led to a significant increase of DES to a value of 0.32. The addition of the uncoupler nigericin is expected to prevent the generation of a proton gradient across the thylakoid membrane, thereby inhibiting the activation of the Ddx de-epoxidase. Indeed, no increase in the DES was observed during a dark incubation under anaerobiosis in the presence of nigericin.

![Effect of nigericin on the de-epoxidation state (DES) of the Ddx cycle pigment pool in samples of *T. pseudonana* exposed to different experimental conditions: dark-aerobic conditions and 30 min of dark-anaerobic conditions in the presence or absence of nigericin. Cells were harvested by centrifugation and concentrated to a Chl *a* content of ∼30 μg ml^−1^. Final concentration of nigericin was 40 mM. Data presented are the average of three replicates with the respective standard deviations.](jexboterq284f06_ht){#fig6}

Discussion
==========

In the present study, dark incubation under anaerobic conditions was used to increase chlororespiratory electron flow in cells of *T. pseudonana*. Anaerobiosis blocks mitochondrial respiration and increases the fermentative degradation of carbohydrates (Pasteur effect). Under these conditions reduction equivalents will accumulate in the cell ([@bib56]). Via the malate/oxalacetate shuttle the reductants can be imported into the chloroplast stroma and may lead to a non-photochemical reduction of the PQ pool ([@bib31]). In addition, anaerobiosis should prevent an oxidation of the PQ pool by molecular oxygen (non-enzymatically) or by a PTOX. The measurements of PAM fluorescence, fast fluorescence induction kinetics, and P700 absorbance changes in the present study provide evidence for a high degree of reduction in the chloroplast stroma and a strong electron pressure into the PQ pool of *T. pseudonana*.

The transfer of *T. pseudonana* cells from growth light to dark-anaerobic conditions resulted in an accumulation of $\text{Q}_{\text{A}}^{-}$ and a significant reduction of the PQ pool, which could be deduced from the marked increase in the minimal fluorescence and the drastic increase of the J-level, respectively. These results are comparable to measurements under anaerobiosis in vascular plants ([@bib30]; [@bib68]). The measurements of the P700 absorbance kinetics revealed that the anaerobic conditions inhibited the final oxidation of P700 during a saturating light pulse. In control samples, the activation of the FNR facilitates the oxidation of P700 after approximately 150 ms of saturating illumination, which is comparable to the fast PSI reoxidation in cells of *Trebouxia* ([@bib33]). The persisting reduction of P700 under anaerobiosis is consistent with an inactivation of the PSI acceptor side due to the accumulation of reduced pyridine nucleotides. In addition, the inhibition of the Mehler reaction (see [@bib4], and references therein) could contribute to the sustained reduction of P700. Recently, [@bib39] have shown that the electron flux diverted from PSI to oxygen can be as large as 40% of the total electron flow passing through PSI. This assumption is supported by a study on algae ([@bib69]) where it was shown that, under dynamic light conditions, up to 35% of photosynthetic electrons can be consumed in alternative electron sinks, which depend on the reduction of oxygen. In the light of these results, it could be assumed that molecular oxygen did not function as an alternative electron acceptor at PSI ([@bib3]; [@bib6]; [@bib54]) under the anaerobic conditions of the present study.

In vascular plants, the anaerobic increase in the minimal fluorescence and in the J-level of fast fluorescence induction kinetics relaxed rapidly after either reoxygenation or illumination with FR-light ([@bib30]; [@bib27]). These results are highly comparable to the fluorescence measurements in cells of *T. pseudonana* during recovery from anaerobiosis. In addition it is shown that after re-introduction of oxygen, the oxidation of P700 during a saturating light flash was immediately restored in the *T. pseudonana* cells. In principle, the relaxation by reoxygenation could be explained by a re-activation of mitochondrial activity and a very fast oxidation of stromal reductants. Thereby, the strong electron pressure on the PQ pool will be released and oxidized electron acceptors will be available at PSI. However, [@bib27] argued that the pool of reductants, which had accumulated during anaerobiosis, could not be depleted by a short-term relaxation. Instead, molecular oxygen could be an obligatory component for the oxidation of the PQ pool ([@bib30]), but also act as an alternative electron acceptor at PSI (see above). In addition, the possibility that activation of a plastidal oxidase is likely in the presence of oxygen and, thus, could contribute to an oxidation of the PQ pool, has to be considered. In particular, the presence of such a chlororespiratory electron flow is important in the light of the increase in the NPQ-sensitivity of Dtx during reoxygenation (see below).

By contrast to reoxygenation, FR-light illumination of anaerobic cells of *T. pseudonana* could not restore P700 oxidation during a saturating light pulse. This result is in line with the activation of a cyclic electron transport around PSI where electrons are transferred back to P700 and kept in a reduced state ([@bib37]). Two different pathways have been described for the cycling of electrons around PSI, both of them including an electron transport via the PQ pool ([@bib37]; [@bib62]). Therefore, it remains an open question why the PQ pool is becoming oxidized in our present experiments while the PSI electron cycle at the same time should reduce it again.

A 60 min period under dark-anaerobic conditions induced a strong accumulation of Dtx in *T. pseudonana*. In diatoms, two prerequisites must be fulfilled to achieve an efficient de-epoxidation of Ddx to Dtx. First, the DDE has to be activated by an acidification of the thylakoid lumen. Compared with the very fast de-epoxidation of Ddx under high-light illumination ([@bib41]*c*), the slow kinetics of Dtx accumulation during dark-anaerobic conditions indicates the presence of a rather weak proton gradient, which was unable to activate the DDE fully. However, [@bib35] have shown that though the isolated DDE has a pH optimum of 5.5, enzyme activity can already be observed at neutral pH values of 7.2. Consequently, even a weak proton gradient would suffice to induce a slow conversion of Ddx to Dtx. The presence of a ΔpH was confirmed by experiments in the presence of the uncoupler nigericin. The addition of nigericin at the beginning of dark-anaerobic incubation inhibited the accumulation of Dtx. It is a matter of debate how the proton gradient was generated. With respect to the high energy- and redox-charge of the cell during anaerobiosis, the fermentative degradation of carbohydrates could provide ATP ([@bib20]; [@bib19]), which can be imported into the chloroplast via the triose-phosphate shuttle ([@bib31]) or via the recently identified nucleotide transporter in diatoms ([@bib5]). Finally, a reverse activity of the ATPase could have sustained a proton gradient across the thylakoid membrane ([@bib21]; [@bib36]).

The second prerequisite for an efficient accumulation of Dtx is the suppression of the fast epoxidation of Dtx by the DEP, which would otherwise rapidly convert Dtx back into Ddx. During high light-illumination DEP is inactivated by the build-up of a strong proton gradient ([@bib22]), which was most probably not the case during the anaerobic conditions of the present study (see above). However, like the zeaxanthin epoxidase of higher plants ([@bib12]), Dtx epoxidase requires O~2~, FAD, and NAD(P)H to re-introduce the epoxy group into the Dtx molecule. Therefore, it is reasonable to assume that the absence of oxygen suppressed the Dtx epoxidase activity and thus, facilitated the Ddx de-epoxidation during anaerobiosis.

An important result of the present study was the reduced sensitivity of NPQ to Dtx formed during anaerobic conditions in darkness compared with HL-induced Dtx. This is different from results obtained in *P. tricornutum*, where Dtx formed during prolonged dark incubation had the same efficiency in the induction of NPQ as Dtx induced by a light-driven proton gradient ([@bib34]). As in higher plants ([@bib32]), the acidification of the thylakoid lumen in diatoms seems to be essential for the development of NPQ ([@bib40]). Again, as in higher plants, it was suggested that this activation of NPQ involves the protonation of PSII antenna proteins leading to a conformational change of the antenna system. We suggest that, in our present experiments, the weak ΔpH was, on the one hand, able to activate the DDE but that, on the other hand, significant protonation of LHC antenna sites did not occur. This resulted in a low NPQ despite a strong accumulation of Dtx. Immediately upon the re-introduction of oxygen or illumination with FR-light, NPQ increased significantly in samples previously adapted to dark-anaerobic conditions, while the Dtx concentration remained virtually unchanged. Hence, the sensitivity of NPQ to Dtx during the reoxygenation period or the FR-light illumination was the same as in cells illuminated by saturating light intensities. This can be explained if both reoxygenation and FR-illumination caused an increase in the ΔpH across the thylakoid membrane. As suggested above, reoxygenation should induce the oxidation of the PQ pool by the plastidal oxidase and thereby promote a chlororespiratory electron flow from the stromal pool of accumulated reducing equivalents via the PQ pool to oxygen. Hence, with the prerequisite of a proton-translocating type-1 Ndh this chlororespiratory electron flow could have contributed to a proton gradient across the thylakoid membrane ([@bib51], [@bib25]) upon the reintroduction of oxygen. The assumption of an electrogenic chlororespiratory electron flow in *T. pseudonana* under the conditions of the present study is supported by experiments where PG was added to anaerobic cell suspensions directly at the beginning of the reoxygenation period. PG is known to inhibit the activity of PTOX in algal cells ([@bib16]; [@bib10]). The fast decrease of NPQ in the presence of PG suggests that the inhibition of the PTOX resulted in the dissipation of an existing (weak) proton gradient and in addition prevented the further increase of the ΔpH as observed in control samples. Further indication of an increase in the proton gradient is derived from the fact that the epoxidation of Dtx by the DEP was inhibited for the first 10 min of the reoxygenation period. In the presence of oxygen this can be explained only by an inhibition of the DEP by a strong proton gradient across the thylakoid membrane ([@bib22]). For reoxygenation periods longer than 10 min it could be assumed that mitochondrial activity slowly deprived the pool of accumulated reducing equivalents. Following the argument above, this would also diminish the chlororespiratory electron flow and the associated ΔpH. As a consequence, the inhibition of the DEP will be abolished, which results in the epoxidation of Dtx back to Ddx.

FR-light illumination is assumed to drive cyclic electron transport around PSI, which is known to increase the proton gradient across the thylakoid membrane ([@bib2]). Apparently, this proton gradient was strong enough to increase the sensitivity of NPQ to Dtx. In contrast to reoxygenation, no epoxidation of Dtx by the DEP was observed during a 30 min period of FR-light illumination. In this case, the DEP was most probably kept inactive by both the absence of oxygen and the proton gradient.

In conclusion, the data of the present study show that, in diatoms, the chlororespiratory pathway can be an important regulatory tool to control energy dissipation during the transition from dark to full sunlight.
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AOX

:   alternative oxidase

Chl

:   chlorophyll

DDE

:   diadinoxanthin de-epoxidase

Ddx

:   diadinoxanthin

DES

:   de-epoxidation state of the Ddx cycle pigment pool

Dtx

:   diatoxanthin

Fd

:   ferredoxin

FNR

:   ferredoxin-NADP^+^-oxidoreductase

FR

:   far-red

*NPQ*

:   non-photochemical quenching of Chl *a* fluorescence

P700

:   reaction centre pigments of PSI

PQ

:   plastoquinone

PSII

:   photosystem II

PSI

:   photosystem I

PTOX

:   plastid terminal oxidase

QA

:   quinone A
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